We have us~d the techniques of far infrared laser spectroscopy to study transicions of electrons between bound states in the potential well near a liquid helium surface .
I. INTRODUCTION
Electrons in image potential induced states above the surface of liquid helium provide both a model system 1 for the two-dimensional (2"-D) electron 2 gas and a probe of the helium liquid-vapor interface. In a recent 3 letter we gave a preliminary discussion of an experiment which measured the local disorder in a 2-D electron gas. We have also measured the transition frequencies between bound states of electrons on the surface using electric fields normal to the surface which were much larger than those previously 2 4 used. ' These measurements are interpreted to provide information about the helium liquid-vapor interface.
In addition to obtaining informationabout helium surface electrons on the microscopic scale we have used capacitance measurements as a function of cell voltage cc-v measurements) and electrostatic calculations to determine the macroscopic static distribution of charge on the surface. An interesting situation analagous to a phase separation in the electron fluid is found.
Accurate values of the surface charge density and the electric field acting on the surface electrons are obtained.
This paper is organized as follows: In Section II we give a theoretical de~cription of the novel C-V technique that allows us to obtain the surface charge density distribution and the electric field acting on surface electrons. In Section III we describe the spectroscopic techniques. In Sec~ion IV we discuss the results of our measurements of the transition frequencies as a function of surface charge density and applied electric field.
II. ANALYSIS OF C-V MEASUREMENTS
We have used C-V measurements to obtain both the surface charge density as .charge distributes itself so that the electric field acting on it is normal to the surface.
Free charge 1s deposited on the surface by briefly heating a thoriated tungsten filament above a small hole in the center of the top plate. Afterwards, the measured ac capacitance is found to be a function of the cell voltage V. The measured change of the ac capacitance from the value found with no charge on the surface is shown in Fig. 2 follows. a new reversible curve above the new minimum voltage.
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The average thermal kinetic energy of an electron moving along the surface ( "'10-4 eV at 1 K) is much less than the typical electrical potential energy differences along the surface ("'1 V}. Hence, we can neglect the.
slight fuzzing caused by thermal motion of the electrons and use electrostatics to calculate the surface charge distribution. The surface is divided into two regions. One region is a circular charge pool centered on the cell ax1s. The electrical potential is constant over the surface within this charge pool. The other region is an annular ring ·between the charge pool and the walls of the cell which (in our approximation) contains no charge. The discontinuity in alope of'the C-V curve occurs when Vis reduced to the point at which the charge pool touches the edges of the cell and charge begins to flow off the bulk liquid surface onto the helium film covering the·metal walls. Most of the charge that flows. onto the walls does not return to the bulk liquid surface when V is again increased.
We have used C-V measurements in the reverSible region of the curve to obtain both the surface charge density distribution and the electric field acting on electrons near the center of the charge·p6ol as· a function of v. 
Here I 0 (x) and r 1 (x) ar~ modified Bessel functions. The radial electric field .from the top plate potential is: i >j
2:
The electric field acting on an electron in the ith ring from the other charge the .th ring is found by assuming that is constant from 1n
The charge density distribution for a given charge pool radius r is obtained by solving for a. the system of equations
To obtain the chatg~ density distribution as a function of charge pool radius r the above system of ~quations may be solved as J is decreased one r1.ng. max at a time. The calcuLation is done for V'=O and for V'=t:.V where 0 <I t:.VI << v. The calculated a(p) for several values. of r for a cell with the dimensions used in our experiment and for d/h=O.S is shown in Fig. 3 . As a consequence of the finite element approximation u~ed, the solution has oscillatory structure near the center of the charge pool. If .r=a, so the charge pool covers the entire surface, the potential is constant on the surface. In this case a 1.s given explicitly by
To obtain the charge density at the center.of the charge pool we average a(p) from rings 3 to 8 (proceeding radially outward) of the 100 rings used in the numerical solution to Eq. 6 and renormalize so that when r=a the result agrees with a(O) from Eq. 7.
Having found the ~urface charge density we next calculate the charge induced on the bottom plate by the surface charge. A ring with total charge q of radius· pat the· liquid surface is found to induce an amount qb of charge on th~ bottom plate where
The change in ac capacitance caused by free charge on the liquid surface is given by (9) Here Qb is the total charge induced on the bottom plate by the free charge ~n the liquid surface and Qs is the total free surface charge. Let. Qt be the total free charge induced on the top plate by the free charge on the liquid surface. One can use Green's reciprocation theorem withvariation about nonzero V and zero V' to Bhow 5 that (10) Hence; the ac capacitance is the same whether measured by changing the potential of the top plate and meas~ring the change 1n charge on the bottom plate or vice versa. Observe that tiC would be zero if the surfa.ce charge did not move. One can also show that ( 11) All of the quantities on the r.h.s. of Eq. 11 are known from our numerical calculation. In Fig. 2 we show that the measured capacitance is in excellent agreement with that calculated using Eq. 11.
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To obtain the charge density at the center of the charge pool with bottom In our experimental cell to a very good approximation the electric fi~ld is parallel to the cell axis near the center of the charge pool. Hence, the applied electric~field acting on surface electrons near the axis is found by considering the.analagous infinite par~llel plate capacitor ( 13) .
Here £ 1s the d1e ectr1c constant o . 1qu1 . he 1um.
As mentioned previously we dbtain·d from the ac capacitance c 1 measured before liquid is put 1n the cell and c 2 after filling has stopped. Charge on the. helium surface will press down on the helium surface and· change d slight~y. We find that to good approximation (14) Here Dg is the product of the density of liquid helium with the acceleration of gravity, A 2 is the area of bulk liquid surface in the cell not covered by the charge pool, and A 3 1s the area of liquid surface outside the cell.
Under the conditions of our experiment the term of Eq. 14 proportional to E -3 causes a change in d/h as large as order 10 while the term proportional to -4 E 2 causes a change as large as order 10 • We estimate our measurement of cr(p=O) from Eq~ 12 to be accurate to about 1%. In addition, the optical signal froa the.:laser is chopped ~t 100 Hz to make it possible to normalize out the effect of slow drifts in the output of the molecular laser. A slow feedback loop is used to ensure that the pump laser frequency rema1ns near the peak of the gain curve of the molecular laser.
III. EXPERIMENTAL DETAILS
-5 Typically, a change in absorption of order 10 could be detected in one second.
The far infrared source was a CH 3 oH laser pumped by a co 2 laser. The far infrared laser lines were identified by approximate frequency measurements 
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The homogeneous linewidth of the absorption lines has been investigated 
IV. RESULTS
In order to discuss the spectroscopic measurements and the conclusions we have been able to draw from them, some background is necessary. We first describe a simple model for the electron-interface interaction which predicts the transition frequencies as a function of electric field in the limit of small surface charge d~nsity. We model the interaction with a one-dimensional potential in the z direction with a rise to infinite potential at z=O. For z>O the Hamiltonian is:
The energy eigenvalues and corresponding eigenfunctions are obtained by (15) numerically integrating Eq. 15 with· the constraint that the wavefunction be square integrable and approach zero. linearly in the limit that z approaches ;1v.re.. ~ zero. In Fig. 5 we show that the transition frequencies from the ground state given by the model are in very close agreement with the measured transition frequencies extrapolated to zero surface charge. The small differences between the extrapolated measurements and the calculation are plotted in r 0 (.1~ ~ Fig. 6 .
To extrapolate the measurements to zero surface charge density we used the h . . . l 3
t eory g1veh 1n a recent etter; As explained there, the surface charge density dependence of the transition frequencies is small a:nd arises because an excited state ~le~tron is acted upon by a non-zero average electric dipole field from nearby ground state electrons. Explicitly, the change in applied external electric field needed to bring the 1-n transition back in~o resonance when the surface charge density is changed from zero to a 1s
The factor in Eq .. l6 containing various averages of z is obtained from the solution to Eq. 15~ The rate of change with applied electtic field of the transition energy between the ground state and the ~tate n is given by dWl-n dE (17) From Fig. 5 and Fig. 6 we see that the slope 6f the transition frequency versus the el~ctric field predicted by the model differs very little from that of the actual measurements. Hence <z>n -<z> 1 can be accurately obtained from .the model. Also, the difference in the r.m.s. widths of the wavefunctions between the ground· state and state n is small relative to <z>n'"' <z> 1 . The inaccuracy in t.E introduced by using the model to obtain theaverages of z is therefore expected to be about 1%.
We define a disorder parameter K which is the shift in the resonant frequency due to neighboring surface electrons normalized to the shift computed from a hexagonal lattice of surface electrons with the same average density. This K can be calculated from the radial charge distribution
It is expected to be a funct~on of r = ~
Ns e /~T
where Ns is the number density of surface electrons, kB is Boltzman's constant, and T is the temperature. For the range of r used in our measurements, 9 < r < 44, published theoretical results indicate that L06<K<l.20. In our statistical analysis of the data we assumed that K was a constant independent of r. From this assumption we obtained K = 1.114 +0.096 -0.038. The experimentally determined value of K was then used to extrapol ate our measurements back to zero surface charge density. The results given in Table 1 .
The model we have used for the variation of potential near the liquidinterface is very oversimplified. 12 due vapour much A two parameter model F. Stern smooths out the unphysical discontinuity in the potential at z=O. FIGURE CAPTIONS Fig. 1 Cross section of the cylindrical cell used to confine electrons o~ the helium surface and as an optical cavity for the spectroscopic measurements. 
